Tip traveling and grain boundary effects have been investigated by varying the voltage pulse width on Pb͑Zr 0.25 Ti 0.75 ͒O 3 films using piezoelectric force microscopy. Depending on pulse width, the authors distinguish three regions of domain formation. It was found that grain boundaries act as electric shield, which prevents domain growth across grains. Domain growth across grains was mainly due to the tip traveling effect. Calculations based on the authors' model matched well with experimental data. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2370502͔
Increasing demand for information storage devices with ultrahigh density has induced significant interest in the use of atomic force microscopy ͑AFM͒ for nanoscopic read/write operations with ferroelectric media. In particular, contact mode AFM is commonly used in ferroelectric domain imaging, which is often called piezoelectric force microscopy, especially as a nondestructive probe for manipulating and observing the configuration and dynamics of a domain. [1] [2] [3] Domain formation inside ferroelectric thin films has been of great interest for researchers involved in nonvolatile memory applications such as ferroelectric random access memory and probe-based data storage ͑PBDS͒. To unveil the parameters that affect domain size and the relevant underlying physics, many researchers have studied the dependence of domain formation on voltage pulse conditions. [4] [5] [6] [7] [8] [9] [10] In particular, they have reported the log linear relationship between domain size and pulse width without particular indication of grain boundary effect. Some researchers have reported that the grain boundary confines the switching of a domain; 11 however, they have not provided quantitative data to clarify its influence on the domain size formed under the same voltage pulse conditions.
Since the probe continuously moves during writing or reading operations in PBDS, 12 the physical interaction between the probe and the media while the tip is traveling is very important. However, there have been no reports, that address the tip traveling effect in ferroelectric media.
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Therefore, we investigated the grain boundary and tip traveling effects on the shape and size of the domain by varying voltage pulse width applied to the tip.
The sample was a 50 nm thick ͑111͒ preferentially oriented Pb͑Zr 0.25 Ti 0.75 ͒O 3 thin film on a Pt/ Ti/ SiO 2 / Si substrate prepared by the sol-gel process. During the experiment, an ac modulation voltage of 0.6 V pp ͑peak to peak͒ at 17 kHz was applied to the AFM tip. Initially, the domains were oriented from top to bottom by applying +5 V to the AFM tip over a scan area of 5 ϫ 5 m 2 . This process is referred to as background poling. After the background poling, a series of −15 V pulses with pulse widths of 0.01-15 ms was applied to the AFM tip inside the back poled area. Then, piezoelectric force microscopy images over a scan area of 1 ϫ 1 m 2 were obtained. The domain size was measured by taking geometric average of each domain from the phase images. Figure 1 shows the domain size variation as a function of the pulse width. It is found that the domain size is proportional to the logarithmic value of the pulse width for phase images, of which observation is in agreement with other published results. [4] [5] [6] However, two inflection points are observed in the pulse widths of around 0.1 and 1 ms. In order to understand the inflection points in the curve, we have investigated the domain images acquired at each pulse width and found that grain boundary takes an important role in the domain shape and size. pulse widths of 10 s and 5 ms. It leads to the same conclusion as previously reported that the shape of the domain boundary is strongly correlated to the grain boundary.
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However, closer examination reveals that domains formed at the pulse width of 10 s never extend across the grain boundary ͓see Fig. 2͑a͔͒ , while those of 5 ms sometimes cross over it ͓see Fig. 2͑b͔͒ . If the grain boundary acts as a domain growth barrier, the domain cannot grow larger than the grain size, which is obviously not the case for domains formed by a large pulse width. Moreover, our results show that the proportionality still remains even after the domain size is larger than 150 nm ͑Fig. 1͒, which is the average grain size of the sample. In order to explain two seemingly incompatible phenomena that are domain boundary confinement by grain boundary and domain formation across the grain boundary for a large pulse width, we have focused on the roles of the moving tip and electrical property of grain boundary. It has been reported that the grain boundary of ferroelectric thin film is the source of leakage current and acts as a conduction path. [13] [14] [15] Therefore, it is expected that the grain boundary will act as an electrical shield connected to the bottom electrode. If voltage is applied to the tip, the field will be influenced by such shielding effect as shown in Fig. 2͑c͒ and domain boundary confinement by grain boundary can be explained by such an effect. Then, how can the domain be formed across the grain boundary? For a given pulse width, the tip travels for a distance given by multiplication of pulse width and scan velocity and as the distance gets larger the chance that the trajectory crosses over the grain boundary increases, which leads to the domain formation across the grain boundary even if it acts as an electric shield.
In order to verify the concept of tip traveling and grain boundary effects, the overlapped images of the phase and its corresponding grain structure were studied as shown in Figs. 2͑a͒ and 2͑b͒. In these figures, it is observed that the domain formations in the small pulse width differ from those of the large pulse width. In the small pulse widths of Fig. 2͑a͒ , the grain boundary confines the shape of the domain boundary, and all the domains are formed within a grain. When electric field is applied through the AFM tip, for instance, the grain boundary confines the propagation of the electric field to the neighboring grains, because it acts as a conduction path. [13] [14] [15] Therefore, as shown in Fig. 2͑c͒ , the domains are not formed in the neighboring grains.
When the pulse width increases above 1 ms, the domains formed through several grains were frequently found as shown in the left side of Fig. 2͑b͒ . The different results seem to originate from the tip traveling effect. The tip traveling distance increases as the pulse width increases, and so does the number of grains over which the tip travels. As shown in the left side of Fig. 2͑d͒ , a domain can therefore be written on several grains as the pulse width increases. However, one should keep in mind that some of the domains were confined within a single grain as shown in the right side of Fig. 2͑b͒ . These results support the idea that domain formation either across or within the grain boundary depends on the tip trajectory. Therefore, whether the tip trajectory falls within a single grain or over several grains largely influences the domain shape and size.
To explain further the inflection points and the trends of the domain size with the pulse width shown in Fig. 1 , we performed a simple model calculation. In the course of the calculation, based on the experimental findings, we assumed the following: ͑1͒ the grain boundary is an electric shield and a conduction path; ͑2͒ the domain cannot be formed if the AFM tip touches the grain boundary; ͑3͒ the domain size is a sum of the contact radius of the AFM tip ͑r͒, 16 the tip traveling distance ͑T͒, and domain growth distance ͑D͒; and ͑4͒ the grain has a diamond shape and the domain is formed in the hexagonal shape as shown in Fig. 3͑a͒ .
We found the unwritten places at the vicinity of grain boundaries, which are marked by circles in Fig. 3͑b͒ . This finding supports the second assumption. The tip traveling distance and domain growth distance, shown in Fig. 3͑a͒ , represent the distance of tip movement during the writing process and that of sidewise domain growth by the voltage pulse, respectively. The domain growth distance D was obtained from the experimental results in Ref. 4 assuming no influence of r, T, and grain boundary on D. Figure 4 shows the normalized domain size dependence on the normalized pulse width, which was obtained from experimental and calculated results. The inset of Fig. 4 shows the calculated domain size dependence on pulse width. The trend of the calculated result agrees well with experimental data. It was observed that there are two inflection points, which come from the grain boundary and tip traveling effects. In the first region, the domain formation is little affected by the grain boundary and tip traveling due to the short tip traveling distance and the small domain size compared to the grain size. In the second region, although there is a tip traveling effect, the domain formation is much affected by the grain boundary due to the similar size of domain and grain. However, in the third region, the tip traveling effect is much influential to the domain formation than the grain boundary effect because of the long tip traveling distance and the large domain size. Therefore, the slope of the second region is lower than any other regions.
In summary, we have identified the tip traveling and the grain boundary effects that influence the pulse width dependence of domain size formed by voltage pulse through the AFM tip. 
